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1 . -  IhTRODUCTION 

Sulfur removal will be mandatory for all power generation coal gas applications in order to comply with 
future environmental standards. Two promising technologies that are  currently being optimized for coal- 
hased power generation are the integrated gasification combined cycle (IGCC) and the gasifier/molten 
carbonate fuel cell (MCFC) systems. Methods to remove hydrogen sulfide from the product gas at 
elevated temperatures will provide the highest possible thermal efficiency for these systems. A high- 
temperature desulfurization system also eliminates the need for costly heat exchanger systems to cool 
coal-derived gas to the required by low-temperature scrubbing processes, reheating of the clean coal- 
derived gases before they are injected into a combustor/turbine component, and treatment of the conden- 
sate formed during gas cooling. 

A major part of the research on high-temperature desulfurization of coal-derived gases has been directed 
to the use of mixed-metal oxide sorbents, such as zinc ferrite, because of their ability to capture a large 
fraction of sulfur species in the coal gas and to be regenerated in multiple cycles of absorption and regen- 
eration. However, quantitative evaluations of their performance during multicycle operation have shown 
that a gradual physical and chemical deterioration of the sorbent takes place. The sorbent's mechanical 
strength and its chemical reactivity for sulfur capture are strongly affected by the gasifier operating condi- 
tions. 

Zinc ferrite is currently the leading candidate to serve as a sulfur removal agent in the IGCC systems. It 
has been demonstrated that this material can remove hydrogen sulfide from a reducing gas to levels of 10 
ppmv or less at reasonable rates of reaction. GE has developed a patented moving-bed coal gas desulfuri- 
zation system that has been shown to achieve a reduction in complexity and cost in a simplified IGCC sys- 
tem relative to conventional IGCC configurations (Cook et al., 1988). In moving-bed systems with long- 
term cyclic operation, the movement of pelletized sorbent requires that the sorbent have a higher degree 
of attrition resistance than in fixed-bed operations. In moving-bed and fixed-bed systems, chemical reac- 
tivity and physical strength of the sorbent are both important. For a constant sorbent quality, these two 
properties tend to vary inversely. 

The moving-bed configuration offers many advantages over the fixed-bed cleanup system by minimizing 
sulfate formation during regeneration, minimizing accumulation of fines during sulfidation, utilization of 
full sorbent capacity, provision of continuous steady-state operation, and production of a high concentra- 
tion sulfur dioxide tail gas stream. In this paper, results of new zinc ferrite formulations having enhanced 
mechanical strength over the Baseline formulation for the moving-bed application will be discussed. 

2.- EXPERIMENTAL PROCEDURE 

2.1 - Materials 

The objective of sorbent preparation is to fabricate various zinc ferrite formulations with enhanced chem- 
ical and mechanical properties relative to the DOE-selected Baseline formulation, known as T-2465. This 
Baseline formulation is a cylindrical extrudate that contains 2% bentonite binder. 
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Several zinc ferrite formulations were prepared by United Catalysts, Inc. (UCI) and their properties are 
presented in Table 1. All formulations were fabricated as ellipsoidal, or "rounded" pellets with an average 
0.64 cm major axis and aspect ratio between 1.1 and 1.3. Fabrication parameters selected for this study 
were: UoH &%de type (catalyst and pigment grade), binder type (bentonite, calcium aluminate, Portland 
cement, titanium dioxide), binder content (up to 17% total binder), and calcination temperature (1550 
and 1750 OF). The same composition of T-2465 was fabricated as a rounded pellet and labeled L-3404 in 
Table 1. T-2465M is a formulation fabricated as a 20,000 Ib. batch following a double rounding procedure 
to densify the material even further. 

Several guidelines were followed to assess sorbent performance and identify superior formulations for 
moving-bed systems. Among the guidelines, a formulation had to meet: 

Mechanical strength requirements: 

- Crush strength greater than 20 Ib/pellet for the fresh material. 

- Attrition resistance greater than that of the DOE-selected Baseline formulation (ASTM pro- 

- Attrition resistance greater than 94% (ASTM procedure D4058-81) at high temperatures 

cedure D4058-81) as a fresh material. 

(e.& 1000 O F )  as a fresh material. 

Single-pellet chemical reactivity requirements: 

tions (1022 "F, 1 atm., 3% H,S). 
- TGA fractional conversion greater than 0.5 (i.e., 50% conversion) in 2 hrs. at standard condi- 

- TGA conversion greater than 70% of theoretical for fresh zinc ferrite. 

Pellet physical morphology requirements: 

- Specific pore volume in the range 0.2 to 0.3 cm3/g. 

- Mean pore diameter greater than 1000 A. 

Only three of the formulations that met these minimum requirements were selected for bench-scale reac- 
tor testing. 

2.2 - Physical /Mechanical Characterization 

The pore volume distributions of selected fresh and used sorbents were measured by a mercury porosim- 
eter (Micromeritics Model 9220) with a mercury penetration capability of 60,000 psia. A number of meas- 
urements including pore volume, mean pore diameter (diameter at 50% intrusion), pellet density, and 
cumulative and differential pore volume distributions were made. 

Formulations fabricated by UCI were tested for crush strength (is., dead weight load) and for attrition 
resistance at ambient temperature and at 1000'F. Attrition resistance is defined as 100% minus attrition 
rate according to ASTM method D4058-81. 

2 3  - Chemical Characterization 

A thermogravimetric analyzer (Cahn 1000) capable of continuously measuring sorbent weight changes 
with an accuracy of 10 pg in reactive (or inert) gas environments as a function of temperature and time, 
was used to measure the chemical reactivity of the sorbents. The equipment and zinc ferrite reaction 
chemistry (which can be used to predict maximum weight changes) is described elsewhere (Wood et al., 
1989). Typically, a 1.5-cycle reactivity test was conducted consisting of two sulfidations at 550 "C with an 
interim regeneration at 675 "C. Prior to each sulfidation, a 30-minute reduction was conducted at 550 OC. 
The gas compositions used for reduction, sulfidation, and regeneration are shown in Table 2. The 
sulfiding gas was typical of the GE air-blown fixed-bed gasifier except for H2S. The abnormally high level 
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of H2S, as opposed to a normal 0.5% in the sulfiding gas, was to enable a 1.5-cycle test to be performed in 
a normal 8-hour day. 

Formulations meeting the minimum requirements described in Section 2.1 were tested in a packed-bed, 
bench-scale reactor unit. A schematic diagram of the bench-scale reactor unit is presented in Figure 1. 
The bench-unit consists of three main parts: gas-handling system, reactor system, and gas-analysis instru- 
mentation. Compressed gases from cylinders were mixed in the gas-mixing manifold to simulate composi- 
tions typical of an air-blown, fixed-bed gasifier gas and the regeneration gases of a moving-bed, hot gas 
cleanup system. Three reactor vessels were operated in parallel at a space velocity of 2000 hr-l each. In 
this way, three different formulations could be tested under identical conditions of flow rate and gas com- 
position. The three sorbent formulations selected for testing in the reactor system were: T-2465M, L- 
3407, and L-3404 (the Baseline sorbent). Each reactor vessel had a 2.5 in. (6.35 cm.) internal diameter 
and a sorbent bed 8 in. (20.3 cm.) long. 

Sulfidation was carried out at 1000 "F (538 "C) with an artificially high H2S concentration 1% v v , to 
accelerate the testing over 10 cycles. Gas composition was the same as that in the sulfiding gas m Table 2, 
except for the HzS and Nz concentrations. The reaction was stopped when the effluent H2S concentra- 
tion, or breakthrough concentration, reached 200 ppmv. Regeneration was carried out at 1000 "F first 
using 1 to 4% oxygen from air (balance nitrogen), while maintaining the maximum bed temperature 
below 1250 "F, until oxygen breakthrough was approximately equal to the inlet concentration, and then 
the gas mixture switched to pure air with the temperature gradually increased to 1400 "F(760 "C) to pro- 
mote thermal decomposition of sulfate. This procedure was intented to mimic the moving bed regenera- 
tion process conditions. 

3.- RESULTS 

3.1 - TGA 

1 .  1 )  

Sorbents L-3404 (1550 OF), L-3406 (1550 O F ) ,  L-3407 (1550 "F, 1750 OF), L-3409 (1550 OF), T-2465M (1550 
O F ) ,  and L-3467B (1750 O F )  were selected for chemical reactivity screening by TGA. The choice was 
somewhat arbitrary because of similarity of the various properties and because all sorbents met the 
required pore volume and mean pore diameter criteria. First cycle sulfidation capacities (as a fraction of 
maximum theoretical capacities) after 2 hours of sulfidation a re  compared for these sorbents in Table 3. 
For all sorbents we have assumed bentonite to be inert, ZnO to convert to ZnS via ZnO + H2S -t ZnS + 
HzO, F q 0 3  to convert to FeS via Fq03 + 2H2S + H2 4 2FeS + 3H20 and CaAI2O4 to convert to Cas 
via CaAI204 + HzS -+ Cas + A 1 2 0 3  + H20. These reactions were used to obtain the maximum potential 
weight gain while fractional conversion over 2 hours was calculated by dividing the actual weight gain by 
the maximum potential weight gain. 

AU sorbents met the criteria for 70% conversion over unlimited time (defined as 8 hours maximum). 
However, the sorbents L-3409 and L-3467B failed to meet the 50% utilization criteria over 2 hours. 
Among the other sorbents, L-3406 with the pigment grade iron oxide was good in attrition resistance but 
was relatively unreactive. This sorbent, although not selected initially for bench-scale testing, may be used 
at a later date. L3404 and its denser twin T-2465M were selected based on TGA studies. Among the L- 
3407 formulations, the significantly higher reactivity of the 1750 O F  sorbent cannot be explained readily. In 
any event, since the attrition properties of the two L-3407 sorbents were not significantly different, L-3407 
(I750 "F) was recommended for further bench-scale testing. 

3.2 - Mechanical Characterization 

Crush strength, attrition resistance, and mercury porosimetry measurements were conducted on fresh 
sorbents, on samples tested on the TGA, and on samples extracted from the bench-scale unit after multi- 
ple absorption-regeneration cycles. 

The results of crush strength and attrition resistance of fresh sorbents at ambient temperature and a t  1000 
"F are given in Table 1 and in Figure 2. Several sorbents in Table 1 exhibited low and nearly equivalent 
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(ranging from 94.0 to  96.0%) attrition resistance. The baseline formulation G3404 exhibited a lower attri- 
tion resistance of 91% whereas T-2465h4, prepared using the same chemical composition as L3404 but in 
a different pilot-scale.equipment, exhibited a higher attrition resistance of 95.4%. The difference is 
believed to be caused by the lower pore volume (or higher density) of T-2465M, which may be attribut- 
able to the scale of equipment and/or repeatability of formulation procedures. Attrition resistance at 
1000 "F is slightly higher compared to ambient conditions for all cases studied, a favorable result for the 
intended moving-bed process. Three formulations were selected for bench-scale testing: G3407, T- 
2465M and C3404. This selection was based mainly on the high attrition resistance exhibited by this 
three formulations. 

Mercury porosimetry results for fresh sorbents and for those atracted from the TGA following 1.5 cycles 
are presented in Table 4. Only a few results are presented here for the sorbents selected for the bench 
unit. The pore volume of the sorbents correlated with fractional sulfidation. Pore volume of sulfided sor- 
bent decreased and that of regenerated sorbent following sulfidation increased as shown in Table 4. The 
lower restoration of pore volume of regenerated G3407 versus G3404 is attributed to incomplete regen- 
eration of the calcium aluminate binder. 

The same mechanical characterization methods were conducted on samples extracted from the bench- 
scale unit after ten cycles of absorption and nine cycles of regeneration (Le., sulfided sorbent), and after 
ten cycles of absorption and ten cycles of regeneration (Le., regenerated sorbent). The tenth regeneration 
was concluded with the usual Oxidative regeneration temperature increase up to approximately 1400 T. 
Samples were taken from three locations in the reactor bed: gas inlet, midsection, and gas outlet as shown 
in Table 5. In contrast to the TGA results, there appeared to be no correlation of the pore volume of the 
sulfided and regenerated L3407 sorbent and the degree of fractional sulfidation. The reasons for this are 
believed to be the extensive thermal cycling of the sorbent in the bench-scale unit, incomplete regenera- 
tion of calcium aluminate binder in the sorbent, and residual sulfate in the sorbent (as confirmed by TGA 
test of the regenerated sorbent). The pore volumes and mean pore diameters in Table 5 are quite good 
and suggest no pore plugging. 

Attrition resistance and crush strength of the corresponding G3407 samples extracted from the bench- 
scale reactor unit are also included in Table 5. In both cases crush strength of sulfided and oxidatively 
regenerated samples is similar to that of the fresh material. However, the attrition resistance decreased 
sigmficantly from 96% for the fresh sorbent to 6585% for the cycled sorbents. The sorbent in the gas 
inlet side, where the sorbent was exposed to the H2S environment for a longer period, was weaker than 
the sorbent in the gas outlet side. 

33 - Bench-scale Reactor System 
Breakthrough H2S concentrations are presented in Figure 3 for the three selected sorbent formulations. 
H2S concentrations prio to breakthrough were measured in the range of 5 to 15 ppmv, depending on for- 
mulation, and were near equiliirium vahdes for EzS at the test conditions. 

According to the unreacted-core model for chemical reactivity in porous media, a sorbent having a lower 
mean pore diameter should exhibit a higher ditfusional resistance for gas reactants and a lower reactivity. 
As expected, the time required for the 200 ppmv breakthrough to occur was inversely related to the 
amount of binder present and the mean pore diameter (MPD) of the three sorbents tested following the 
trend: 

G3407 < T-2465M < I23404 
(2% binder, 2197 8, MPD) 

The large difference in reactivity between L3407 and the other two sorbents is a result of both its higher 
binder content and its lower mean pore diameter. The dierereme in reactivity between the T-2465M and  
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L-3404, both containing 2% binder, is a result of differences in mean pore diameter, with T-2465M exhi- 
biting a lower value. It is evident that the mean pore diameter, closely describing the pore volume distri- 
bution, is an important parameter for the prediction of bed reactivity when differences in other sorbent 
properties are not significant. 

As shown in the upper x-axis scale of Figure 3, the dimensionless time provides a measure of the overall 
sorbent bed utilization (in terms of sulfur capture) relative to that at the calculated bed saturation time 
(from H2S flow rate and mass of zinc ferrite in the bed). At the 200 ppmv H2S breakthrough time, bed 
utilization between 5%-11% for L3407 and between 20%-28% for T-2465M can be calculated. The sor- 
bent utilization for the formulations tested is expected to be higher for commercial systems where much 
larger reactor beds are employed and the smaller ratio of pellet diameter to reactor diameter minimizes 
potential gas bypassing or channeling. 

Zinc ferrite sorbents with higher bed utilization, typically 40%, have been manufactured in the past but at 
the expense of being weaker or softer and, hence, less suitable for long-term operation in moving-bed sys- 
ferns. L-3404, the Baseline formulation, has the same chemical composition of previous DOE-tested sor- 
bents, differing in the fabrication procedure (rounding versus cylindrical extrusion). 

4. - CONCLUSIONS 

Based on the proposed program screening procedure, three formulations, L-3407, T-2465M, and L-3404 
were selected as potential candidates for bench-scale testing and determination of enhanced formulations 
suitable for moving-bed applications. All formulations tested met the criteria for 70% conversion over 
unlimited time and suitable pellet morphology (i.e., pore volume and mean pore diameter). However, 
several formulations failed the criteria for 50% conversion in 2 hrs., attrition resistance, and crush 
strength. Pore volumes measured by mercury porosimetty correlated well with degree of sulfidation for 
fresh samples in TGA tests but not for cycled samples extracted from the bench-scale unit. It is specu- 
lated that the discrepancy is due to extensive thermal cycling, incomplete regeneration of calcium 
aluminate binder, and residual sulfate in the sorbent. Attrition resistance was somewhat higher for all 
fresh formulations at  1000 "F than at ambient temperature. 

Bench-scale tests showed that prebreakthrough HIS concentrations in the effluent gas are  low enough for 
use of the sorbents i n  high-temperature desulfurization of coal gas, with differences in breakthrough times 
explained by differences in binder content and mean pore diameter of the materials. Sorbent bed capaci- 
ties were below 30% of theoretical at the 200 ppmv breakthrough level and were lower than those meas- 
ured in the past for weaker formulations. A significant decrease in attrition resistance was measured in 
the L-3407 sorbent, from 96 to 65%, while the observed crush strength was similar to that of fresh 
material after 10 cycles of bench-scale testing. Thus far, the three rounded formulations (L-3407, T- 
2465M, and L-3404) tested in the bench-scale unit appear promising for future moving-bed applications. 
AU three rounded formulations have shown enhanced mechanical properties over the DOE-selected T- 
2465 Baseline formulation while maintaining adequate chemical reactivity for the moving-bed system. 
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Table 2 - Gas Compositions (Volume %) for TGA tests 
Reducing Gas Sulfiding Gas Regeneration Gas 

H2 15.0 15.0 
co 8.0 8.0 

11.0 11.0 
3.0 

cq 
H2S 
HZO 30.0 ' 30.0 

36.0 33.0 96.0 
4.0 

N2 
0, 

Table 3 - Comparison of Sorbent TGA Reactivity 
Sorbent Maximum Sulfur Fractional Conversion 

after 2-hour Sulfidation Caoacitv (lbs/lOO Ibsl 

G3404 (1550 "F) 39.1 0.71 
L3406 (1550 T)  39.1 0.57 
L3407 (1550 OF) 36.4 0.60 

L3409 (1550 "F) 35.0 0.45 
L-3467B (1750 OF) 36.2 . 0.49 
T-24G5M (1550 OF) 39.1 0.G 1 

G3407 (1750 OF) 36.4 0 . 7  
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Table 4. - Pore Volume of Sorbents Tested on TGA 

Sorbent Pore Volume Pore Volume % Sulfidation Pore Volume 
Sulfided oxidatively Regenerated 

G3404 (1550 T )  0.25 0.13 81.4 0.24 

T-2465M f 1550 "F1 0.20 0.11 100 NA 
G3407 (1750 T )  0.2s 0.14 97.4 0.20 

Table 5. - Physical/Mechanid Characterization of L3407 (1750 T)  
After 10 C$cles of B e n c h m e  Testing 

Sample Pore Volume Mean Pore Diameter Crush Strength Attrition Resistance 
(=/g) (4 (Ib/pellet) Ambient Temp. (%) 

Sulfided: 
Gas Inlet 0.2173 2283 16.00 70.83 
Midsection 0.2176 2004 24.93 78.25 
Gas outlet 0.2130 2416 22.93 85.30 
Regenerated: 
Gas Inlet 0.2107 2221 
Midsection 0.2036 1795 
Gas Outlet 0.2318 2440 

18.63 65.02 
22.17 70.04 
24.87 73.43 

Fresh 0.25 2126 20.0 96.0 

VENT 

Figure 1. - Schematic Diagram of the Bench-Scale Reactor Unit 
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